Nicotinamide adenine dinucleotide (NAD) is the redox cofactor of many enzymes, including the vast aldehyde dehydrogenase (ALDH) superfamily. Although the function of NAD(H) in hydride transfer is established, its influence on protein structure is less understood. Herein, we show that NAD + -binding promotes assembly of the ALDH7A1 tetramer. Multiangle light scattering, small-angle X-ray scattering, and sedimentation velocity all show a pronounced shift of the dimer-tetramer equilibrium toward the tetramer when NAD + is present. Furthermore, electron microscopy shows that cofactor binding enhances tetramer formation even at the low enzyme concentration used in activity assays, suggesting the tetramer is the active species. Altogether, our results suggest that the catalytically active oligomer of ALDH7A1 is assembled on demand in response to cofactor availability.
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Keywords: aldehyde dehydrogenase; analytical ultracentrifugation; electron microscopy; enzyme oligomerization; nicotinamide adenine dinucleotide; small-angle X-ray scattering Human aldehyde dehydrogenase 7A1 (ALDH7A1) catalyzes the final step in lysine catabolism, the NAD + -dependent oxidation of a-aminoadipate semialdehyde to a-aminoadipate (Fig. 1) . Mutations in the ALDH7A1 gene can cause the autosomal recessive metabolic disease pyridoxine-dependent epilepsy (PDE), which is characterized by seizure activity within days of birth [1] [2] [3] . Although PDE symptoms can be mitigated with high doses of pyridoxine (vitamin B6) and a lysine-restricted diet, many patients have long-lasting and untreatable cognitive disability. The molecular basis of PDE is thought to be due to a buildup of D 1 -piperideine-6-carboxylate, the cyclic form of the aldehyde substrate of ALDH7A1 (Fig. 1) . Evidence suggests D 1 -piperideine-6-carboxylate can form a covalent adduct with pyridoxal-5 0 -phosphate (PLP), thereby irreversibly inactivating PLP [4] . Because PLP is a cofactor in~4% of all enzymes [5] , depletion of the cellular PLP pool unsurprisingly has deleterious consequences. To date, over 40 mutations in the ALDH7A1 gene have been identified, but few have been characterized biochemically or structurally. It is widely assumed that oligomeric structure is intimately linked to catalytic function in ALDHs. Initial structural studies revealed ALDH7A1 forms a dimerof-dimers tetramer both in crystallo [6] [7] [8] and in solution [7] . Many other ALDHs form the same tetramer, including ALDH1 [9] [10] [11] [12] , ALDH2 [13, 14] , ALDH5A1 [15] , methylmalonate semialdehyde dehydrogenase [16] , ALDH21 [17] , 2-aminomuconate-6-semialdehyde dehydrogenase [18] , betaine aldehyde dehydrogenase [19] , lactaldehyde dehydrogenase [20] , indole-3-acetaldehyde Abbreviations ALDH, aldehyde dehydrogenase; EM, electron microscopy; PDE, pyridoxine-dependent epilepsy; PLP, pyridoxal-5 0 -phosphate.
dehydrogenase
[21], a-ketoglutarate-semialdehyde dehydrogenase [22] , propionaldehyde dehydrogenase [23] , and salicylaldehyde dehydrogenase [24] . Further investigation of the in-solution oligomeric state of ALDH7A1 using analytical ultracentrifugation revealed a concentration-dependent dimer-tetramer equilibrium with a dissociation constant (K d ) of 16 lM [25] . Interestingly, a number of PDE-related mutations map to the oligomeric interfaces of ALDH7A1, and these mutant enzymes are both enzymatically inactive and deficient in their ability to form the tetramer [25] . Additionally, deletion of the C-terminus of ALDH7A1 results in similar defects in both activity and oligomeric state [26] . Also, the disruption of the tetrameric form of ALDH1 by site-directed mutagenesis dramatically decreased catalytic activity [27] . Altogether, these results imply a link between catalytic activity and the ability of ALDH7A1, and presumably other tetrameric ALDHs, to assemble into the tetrameric form.
Despite circumstantial evidence, the true identity of the active oligomeric species of ALDH7A1 remains a conundrum. Although the observation that ALDH7A1 mutants defective in tetramerization are also deficient in catalytic activity suggests the tetramer is the active species, the tetramer-dimer K d of 16 lM implies that ALDH7A1 is predominantly dimeric in enzyme activity assays where the enzyme concentration typically is on the order of nanomolar. We solve this puzzle by providing evidence that ALDH7A1 tetramerization is dramatically enhanced by the presence of its NAD + cofactor over a broad range of enzyme concentrations. In-solution analysis of ALDH7A1 by size-exclusion chromatography-multi-angle light scattering-smallangle X-ray scattering (SEC-MALS-SAXS) and sedimentation velocity shows that addition of NAD + drives the dimer-tetramer equilibrium to strongly favor tetramer formation at protein concentrations near the K d of the apo enzyme. Furthermore, negativestain electron microscopy (EM) reveals a dramatic shift toward the tetramer at nanomolar enzyme concentration upon addition of NAD + . Overall, these results suggest that NAD + -cofactor binding drives tetramer formation, and the ALDH7A1 tetramer is the active form of the enzyme.
Materials and methods

ALDH7A1 protein expression and purification
ALDH7A1 was expressed and purified as previously described [25] . The final storage buffer for protein samples -that is, the SEC mobile phase-contained 50 mM Tris (pH 7.8), 50 mM NaCl, 0.5 mM dithiothreitol (DTT), and 5% (v/v) glycerol. For analytical ultracentrifugation analysis, protein was used without freezing. For all other applications, protein was aliquoted in PCR strip tubes, flash-cooled in liquid nitrogen, and stored at À80°C.
SEC-MALS-SAXS data acquisition and analysis
SAXS experiments were performed at the Advanced Photon Source Sector 18-ID (Argonne National Lab, Chicago, IL, USA) using a 3. MALS and DLS data were processed using the ASTRA software package (Wyatt) and the SAXS data were reduced to I(q) vs. q curves (q = 4psinh/k, where 2h = scattering angle and k = 1.03 A). Exposures flanking the elution peak were averaged to generate the I(q) vs. q curve for the buffer, which was then subtracted from the elution peak curves to obtain the sample SAXS curve. Experimental SAXS curves were processed and averaged using ATSAS [28] . We note that each sample eluted as a single SEC peak-that is, separate dimer and tetramer peaks were not observed. For reference, the SEC-MALS profiles are shown in Fig. S1 . Guinier analysis was performed using PRIMUS [29] . The theoretical scattering curves for the dimeric and tetrameric crystal structure models of ALDH7A1 (PDB ID: 4ZUK) and the goodness-of-fit parameter (v 2 ) were calculated using FoXS [30] . Theoretical SAXS curves from dimer-tetramer ensemble models were calculated using MultiFoXS [30] . Because of the low signal-to-noise ratio apparent in the data at q > 0.15 A
À1
, only data in the q-range of 0-0.15 A À1 were used for theoretical SAXS curve fitting. The complete experimental SAXS data and Guinier plots are included in Fig. S2 for reference.
Analytical ultracentrifugation
Sedimentation velocity experiments were performed in a Beckman XL-I analytical ultracentrifuge using an An50Ti rotor at 20°C. Reference buffer and protein samples were loaded into a sedimentation velocity cell containing a twosector charcoal-Epon centerpiece. The sample was allowed to equilibrate for 2 h prior to centrifugation. The sample was then centrifuged at 82 021 g for a total of 300 radial scans spaced at 2-min intervals and acquired using Rayleigh interference optics. Scans 10-300 were analyzed and the distribution of apparent sedimentation coefficients, c(s), and distribution of apparent molecular masses, c(M), were determined using SEDFIT [31] . For facile comparison of c (M) distributions, the frictional ratio was fixed at 1.5, which is an approximate average of the refined frictional ratios of each individual sample. For sedimentation velocity analysis of apo ALDH7A1, a protein sample was dialyzed for overnight against 50 mM Tris (pH 7.8), 50 mM NaCl, 0.5 mM DTT, and 5% (v/v) glycerol. For sedimentation velocity analysis ALDH7A1 in the presence of NAD + , ALDH7A1 was supplemented with 1 mM NAD + and run over a SEC column with a mobile phase containing 50 mM Tris (pH 7.8), 50 mM NaCl, 0.5 mM DTT, 5% (v/v) glycerol, and 1 mM NAD + . Final experimental protein concentrations were calculated assuming 1 mgÁmL À1 is equivalent to 3.33 fringes [32] .
Negative-stain scanning electron microscopy
Grids for negative-stain EM were prepared as previously described [33] . Briefly, a 5-lL drop of protein was applied to a glow discharged (Ted Pella, Redding, CA, USA) carbon-coated copper grids (Electron Microscopy Sciences, Hatfield, PA, USA) and incubated for 2 min at room temperature. Excess protein was removed by blotting with filter paper and the grids were washed twice in water. The grids were then incubated for 2 min in 0.75% (w/v) uranyl formate (UF, Ted Pella). Excess UF was removed with filter paper, and the grid was air-dried. Protein particles were visualized using a Tecnai F30 G2 Twin Transmission Electron Microscope (FEI, Hillsboro, OR, USA) operated at 200 kV, 3950 microAmp extraction voltage with a gun lens of 5 using low-dose data collection scheme at 59 0009 magnification and imaged with an Ultrascan 4000 (Gatan Inc., Warrendale, PA, USA). ALDH7A1 samples, either apo or in the presence of 1 mM NAD + , were diluted in a 10% (v/v) dilution of the protein storage buffer to a concentration of 0.01 mgÁmL
and stained with 0.75% w/v UF. CTF correction was performed using CTFFind 4.1.8 [34] using a spherical aberration of 2.0 mm, magnified pixel size of 3.876 A and an amplitude contrast of 0.6 for apo samples and 0.5 for NAD + containing micrographs. Automated particle picking (autopicking) was performed using two-dimensional classes generated from~1000 manually picked particles. A total of 6482 ALDH7A1 apo particles were autopicked using a threshold cutoff of 0.8, a maximum standard deviation of noise was set to 1.1 with a minimum interparticle distance of 100. A total of 6574 ALDH7A1 + NAD + particles were autopicked using a threshold cutoff of 1.0 a maximum standard deviation of noise was set to 1.1 with a minimum interparticle distance of 100. We note that the threshold cutoff was different between the two autopick runs to obtain a similar number of particles for the two independent samples. Data were processed using RELION 2.1 [35] . A total of 30 two-dimensional classes were generated for each ALDH7A1 treatment (apo or + NAD + ) using a 130 A diameter mask.
Results
SEC-MALS-SAXS shows NAD + shifts the selfassociation equilibrium of ALDH7A1 to the tetramer Wild-type ALDH7A1 in the absence of any substrates was subjected to SEC-MALS-SAXS analysis using three nominal loading concentrations in the range of 2-8 mgÁmL À1 (18-72 lM by dimer M r ). Results of the MALS experiment show the average in-solution M r increases from 134 to 158 kDa with increasing protein load concentration (Table 1) , consistent with a concentration-dependent dimer-tetramer equilibrium. For reference, the dimer M r is 111 kDa. SAXS data for the apo enzyme are consistent with the MALS results (Fig. 2) . Theoretical SAXS curves calculated from the dimer and tetramer crystal structure models (PDB ID: 4ZUK) were fit to the experimental data using FoXS [30] . As expected for an equilibrium mixture containing both dimer and tetramer, neither individual oligomer model provided the best fit to the data ( Table 1) . As protein concentration increases, singlebody fits to the crystallographic dimer statistically worsen, suggesting the dimer character of the sample diminishes with increasing protein concentration ( Table 1) . Application of a two-body dimer-tetramer ensemble with MultiFoXS [30] improved the v 2 values for each concentration compared to the v 2 value obtained to the single-body fit to the crystallographic tetramer (Table 1) . Additionally, qualitative analysis of the fits to the experimental data shows improvement in the q = 0.075-0.125 A À1 range with a dimer-tetramer ensemble fit compared to the tetramer alone (Fig. 2) . Furthermore, the composition of the ensemble fit shows increasing amounts of tetramer as protein load concentration increases: from 65 : 35 dimer:tetramer at the lowest concentration to 40 : 60 at the highest concentration (Table 1) . Overall, these results confirm the presence of an ALDH7A1 dimer-tetramer equilibrium in the absence of substrates, in agreement with earlier studies [25] .
To determine whether the presence of NAD + influences the proportion of tetramer in solution at similar nominal protein load concentrations, an identical SEC-MALS-SAXS experiment was performed in the presence of a saturating concentration of NAD + (1 mM). MALS analysis reveals a range of in-solution M r from 198 to 218 kDa with increasing protein load concentration (Table 1) . These M r values are within 11% and 2%, respectively, of the theoretical tetramer M r (222 kDa). Additionally, the hydrodynamic radius (R h ) increased by~6-17% compared to samples lacking NAD + (Table 1 ). In summary, the MALS results show that NAD + increases the average in-solution M r and particle size compared to the apo samples, consistent with enhanced tetramerization. SAXS data are also consistent with NAD + promoting tetramerization. For example, the Porod volumes observed in the presence of NAD + show an increase in~16-29% compared to the samples in the absence of NAD + (Table 1) . Furthermore, with NAD + present, excellent single-body fits to the tetramer were obtained at all three enzyme concentrations, and the two-body dimer-tetramer ensemble afforded no perceptible improvement in v 2 ( Fig. 2 ; Table 1 ). In fact, use of the two-body ensemble increased v 2 for the highest protein concentration, indicating overfitting of the data. Taken together, these data suggest that inclusion of NAD + shifted the dimer-tetramer equilibrium substantially toward the tetramer.
Sedimentation velocity shows NAD + promotes tetramer formation at micromolar enzyme concentrations
Previous studies of ALDH7A1 in the absence of any cofactor or substrate uncovered a dimer-tetramer equilibrium with a K d of 16 lM [25, 26] . To determine whether NAD + is capable of driving ALDH7A1 tetramerization at concentrations below the reported K d , sedimentation velocity experiments were conducted in the absence and presence of NAD + with the enzyme at 9 lM (by dimer M r ). First, apo ALDH7A1 was analyzed by sedimentation velocity at 9 lM. The c(s) distribution displays two major, overlapping peaks at apparent sedimentation coefficients of 4.5S and 6.5S, as well as a minor peak at 2.7S (Fig. 3A) . The major peaks correspond to M r of 110 and 184 kDa (Fig. 3B) , which are both below the theoretical M r of the tetramer (222 kDa), consistent with an intermediate exchange regime in which free dimer exists in solution simultaneously with a dimer-tetramer equilibrium. The minor species at 2.7S (54 kDa) likely represents a monomer (theoretical M r of 56 kDa). This peak has been observed previously in ALDH7A1 sedimentation velocity experiments and likely represents a monomeric conformation incapable of assembly into higher order oligomers [25, 26] .
The addition of NAD + dramatically changes the c (s) distribution. ALDH7A1 at 9 lM in the presence of 1 mM NAD + and has a sharp, major peak at an apparent sedimentation coefficient 7.3S and minor peaks at 4.7S and 2.9S (Fig. 3A) . The major peak corresponds to apparent M r of 228 kDa, which is very close to the theoretical tetramer M r of 222 kDa (Fig. 3B) . Importantly, the major peak at 7.3S is in good agreement with the previously observed apparent sedimentation coefficient of the ALDH7A1 tetramer (7.1S) obtained when using the apo enzyme at 40 lM, that is, over four4 times the concentration used here. These results suggest the presence of NAD + promotes tetramer formation at an enzyme concentration below the reported dimer-tetramer K d of the apo enzyme.
Electron microscopy (EM) evidence for NAD + promoting tetramerization of ALDH7A1 at nanomolar enzyme concentration
Results to this point indicate that NAD + enhances ALDH7A1 tetramerization at micromolar enzyme concentrations. An outstanding question, however, is what is the oligomeric state of ALDH7A1 in typical enzyme activity assays, where the enzyme concentration is orders of magnitude lower than micromolar. Addressing this question provides insight into the true identity of the active oligomeric state of ALDH7A1. Negative-stain EM was employed to assay oligomeric state at an enzyme concentration below the range of typical biophysical methods. First, an apo ALDH7A1 sample was visualized by negative-stain EM at~90 nM (by dimer M r ). Images revealed a mixture of particles, which were subjected to automated particle picking (autopicking) in Relion 2.1 [35] . The 6482 autopicked particles generated 30 two-dimensional classes. Each class was then compared visually to the structures of the ALDH7A1 dimer and tetramer down-sampled to 20 A resolution (PDB ID: 4ZUK; Fig. 4A ). Of these 30 classes, 20 classes resembled the dimer, whereas only three classes resembled the tetramer (Fig. 4B) . The remaining seven classes did not conclusively resemble either the dimer or tetramer. The 20 dimer classes accounted for 5965 particles (92%), while the three tetramer classes accounted for 276 particles (4%). These results show that apo ALDH7A1 is overwhelmingly dimeric at 90 nM, as anticipated from the known in-solution dimer-tetramer K d of 16 lM [25] .
To determine the effect of NAD + on oligomeric state, an ALDH7A1 sample containing NAD + was also visualized by negative-stain EM at~90 nM (by dimer M r ). Autopicking resulted in 6574 particles, and 30 two-dimensional classes were generated. Of these 30 classes, 20 classes strongly resemble the shape of the tetramer, whereas only five classes resembled the dimer (Fig. 4C) . The remaining five classes could not be unambiguously assigned as dimer or tetramer. The 20 tetramer classes accounted for 5813 particles (88%), while the five dimer classes accounted for 262 particles (4%). Thus, the apparent ratio of tetramer to dimer particles exceeds 20. Taken together, the EM results indicate that NAD + -bound ALDH7A1 is predominantly tetrameric under conditions similar to those used in activity assays, consistent with the tetramer being the active form of the enzyme.
To rule out the possibility that the manually selected particles that were used to seed autopicking biased the results, the autopicking template particles obtained from the +NAD + micrographs were used to autopick the apo micrographs, and vice versa. Applying this 'reverse' autopicking scheme to the apo micrographs resulted in 8135 particles. Generation of 30 two-dimensional classes resulted in 23 dimer classes (7405 particles, 91%), three tetramer classes (452 particles, 6%), and four classes that did not resemble the dimer or tetramer (278 particles, 4%) (Fig. S3) . Thus, the apo sample appears predominantly dimeric. Autopicking the NAD + micrographs using apo template resulted in 6701 particles. Generation of 30 two-dimensional classes resulted in three dimer classes (262 particles, 4%), 14 tetramer classes (5375 particles, 80%), and 13 classes that did not resemble the dimer or tetramer (1064 particles, 16%; Fig. S3) . Thus, the addition of NAD + favors the tetramer over the dimer. Taken together, these results indicate the two-dimensional classification analyses were not biased by the initial manual particle selection.
Discussion
Herein, we presented evidence suggesting the NAD + cofactor of human ALDH7A1 dramatically enhances tetramerization of the enzyme. To our knowledge, this is the first observation of NAD + promoting oligomerization of an ALDH superfamily enzyme. A wide body The distribution of molecular masses, c(M). In both panels, the black curve depicts apo ALDH7A1 at 9 lM (dimer M r ), and the red curve depicts ALDH7A1 in the presence of 1 mM NAD + at 9 lM (dimer M r ).
of research indicates substrate-induced oligomerization is a mechanism of controlling the activity of enzymes [36] . The current work described an example of a dinucleotide redox cofactor influencing the oligomeric state of an enzyme. Other examples of this phenomenon include: FAD induces lipoamide dehydrogenase dimer formation [37, 38] ; butyryl-CoA dehydrogenase favors the active tetramer in the presence of FAD and CoA [39] ; a vanillyl-alcohol oxidase mutant forms an octamer in the presence of its FAD cofactor [40] ; NAD(H) influences both homo-tetramerization of the human C-terminal-binding protein family proteins [41, 42] , as well as hetero-dimerization with adenovirus protein E1A [42, 43] ; NAD + stabilizes the quaternary structure of S-adenosyl-L-homocysteine hydrolase [44] ; and mycothione reductase favors tetramer formation in the presence of NADPH [45] .
Our results also support the idea of the tetramer as the active form of ALDH7A1. Furthermore, cellular concentrations of NAD + have been reported in the range of 0.3-0.8 mM depending on tissue or organ type [46] . This observation suggests ALDH7A1 is tetrameric in vivo, further implicating the tetramer as the active ALDH7A1 oligomer. Although it may be assumed that the tetramer is the active oligomer of tetrameric ALDHs, direct evidence is rare because biophysical methods for determining oligomeric state are performed at orders of magnitude higher enzyme concentration than is typically used in enzyme assays. In the current report, we circumvented this problem by using negative stain EM, which allows assessment of molecular shape, and hence oligomeric state, at enzyme concentrations similar to those used in activity assays (10-100 nM). It would be interesting to investigate the oligomeric structures of other ALDHs similarly.
The high level of structural conservation within the ALDH superfamily implies that the phenomenon of cofactor-enhanced self-association may not be limited to ALDH7A1. We suggest that NAD + could help promote tetramerization in other ALDH superfamily members. All studied ALDHs have the same protein fold and use an NAD(P)(H) cofactor, and most ALDHs form the dimer-of-dimers tetramer present in ALDH7A1. Our results suggest the potential for a conserved mode of enzyme activation through cofactor-mediated oligomeric assembly amongst tetrameric ALDH superfamily members.
The precise mechanism by which the binding of NAD + enhances tetramer formation remains to be determined. One possibility is NAD + -binding stabilizes the tetramer. Although the crystal structures of apo (PDB ID: 4ZUK) and NAD + -bound (PDB ID: 4ZVW) ALDH7A1 do not exhibit any major differences, PDBePISA analysis indicates NAD + binding increases the interface area within the tetramer bỹ 5%, consistent with the cofactor stabilizing the tetramer [47] . Another possibility is that the binding of NAD + to the dimer induces structural changes that promote tetramer formation. Elucidating the nature of these conformational changes is challenging, because tetrameric ALDHs invariably crystallize as tetramers, and thus the structure of the free dimer is elusive. Future studies utilizing cryo-EM to study the highresolution structure of the apo and NAD + -bound enzymes at low concentration may allow for determination of what, if any, conformational changes occur in response to NAD + binding.
Data deposition
The averaged SAXS curves have been deposited in the SASBDB [48] under the accession codes SASDD29, SASDD39, SASDD49 (apo ALDH7A1 low-high) and SASDD59, SASDD69, SASDD79 (ALDH7A1 + NAD + low -high).
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